We present crystal structures of the Anabaena sensory rhodopsin transducer (ASRT), a soluble cytoplasmic protein that interacts with the first structurally characterized eubacterial retinylidene photoreceptor Anabaena sensory rhodopsin (ASR). Four crystal structures of ASRT from three different spacegroups were obtained, in all of which ASRT is present as a planar (C4) tetramer, consistent with our characterization of ASRT as a tetramer in solution. The ASRT tetramer is tightly packed, with large interfaces where the well-structured β-sandwich portion of the monomers provides the bulk of the tetramer-forming interactions, and forms a flat, stable surface on one side of the tetramer (the β-face). Only one of our four different ASRT crystals reveals a C-terminal α-helix in the otherwise all-β protein, together with a large loop from each monomer on the opposite face of the tetramer (the α-face), which is flexible and largely disordered in the other three crystal forms. Gel-filtration chromatography demonstrated that ASRT forms stable tetramers in solution and isothermal microcalorimetry showed that the ASRT tetramer binds to ASR with a stoichiometry of one ASRT tetramer per one ASR photoreceptor with a K d of 8 μM in the highest affinity measurements. Possible mechanisms for the interaction of this transducer tetramer with the ASR photoreceptor via its flexible α-face to mediate transduction of the light signal are discussed.
Introduction
The freshwater cyanobacterium Anabaena sp. expresses the apoprotein of the membrane-embedded light sensor Anabaena sensory rhodopsin (ASR) from an operon that contains one additional gene encoding a 14 kDa soluble protein. 1 Jung et al. concluded that ASR is a sensory rhodopsin due to its lack of electrogenic ion transport when expressed in Escherichia coli, its relatively slow photocycle similar to those of known sensory rhodopsins, its lack of the proton donor present in proton-pumping rhodopsins, and its co-transcription with the 14 kDa protein, which was found to interact with ASR. Since the soluble protein partner of ASR encoded in the same operon was shown in this study to exhibit binding to ASR with moderate affinity, we consider the evidence of this small soluble protein serving as a putative transducer sufficiently strong to tentatively designate it the ASR transducer (ASRT).
ASR is a member of the microbial rhodopsin family, which is comprised of retinylidene membrane proteins that function either as light-powered ion pumps or as light sensors. Microbial rhodopsins, like vertebrate rhodopsins, are integral membrane proteins with seven transmembrane helices that form a central binding pocket for the retinal chromophore. In both vertebrate and microbial rhodopsins, the retinal is attached covalently to a lysine residue in the seventh transmembrane helix via a Schiff base linkage. While the retinal chromophore photoisomerizes in both families, the two
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systems exhibit different isomeric configurations. In vertebrate rhodopsins, the isomerization occurs from cis to trans at the C11 _ C12 double bond, and the sensor is returned to its initial state by breaking of the Schiff base bond, dissociation-loss of the all-trans retinal and replenishment with the 11-cis isomer. In contrast, in microbial rhodopsins, each effective photon absorption event starts a complete cycle of structural changes of chromophore and protein that returns the rhodopsin to its initial or dark state with no disruption of the retinylideneSchiff base linkage. The absorption of one photon by the retinal chromophore of microbial rhodopsins causes a trans to cis isomerization of the C13 _ C14 double bond, which in turn triggers a series of conformational changes in the protein. Eventually, protein and chromophore return to their initial states without further energy input, thus completing a one photocycle per photon absorption event. The structural changes associated with these photocycles support different functions within the microbial rhodopsin family. In bacteriorhodopsin, 2, 3 and in halorhodopsin, 4 ions are pumped against an electrochemical gradient across the cytoplasmic membrane to convert light energy to chemiosmotic energy. Sensory rhodopsins, on the other hand, use the light-induced conformational changes of the protein as a signal that is transferred to transducer proteins, which in turn modulate signaling events that control a variety of light-dependent cellular processes. 5 The best sensory rhodopsin characterized in structural terms is the haloarchaeal phototaxis receptor sensory rhodopsin II (SRII). [6] [7] [8] Bacteriorhodopsin, halorhodopsin and SRII are all archaeal in origin and have been relatively well characterized, functionally as well as structurally.
The crystal structure of ASR 9 was the first reported for a eubacterial rhodopsin. The overall structure of ASR resembles those of the archaeal rhodopsins. In terms of backbone structure, the main divergence was observed on the cytoplasmic face of ASR, the expected interaction region with the putative soluble transducer ASRT. The cytoplasmic face contains three ordered loops that are arranged very differently from their archaeal counterparts. Another notable difference from the archaeal rhodopsins is evident in the cytoplasmic half of ASR, a region typically very hydrophobic in archaeal rhodopsins. 6 In ASR, this interior region of the molecule is far more hydrophilic, with numerous ordered water molecules forming hydrogen bonds with polar and charged residues, creating a network of hydrogen bonds that extends from near the Schiff base to the cytoplasmic surface.
As a fully soluble protein, ASRT represents a new type of transducer for microbial rhodopsins. Previously, only one other microbial rhodopsin-transducer system has been characterized at atomic resolution, that of sensory rhodopsin II (SRII) and its transducer HtrII from the haloarchaeon Natronomonas pharaonis. 8 In contrast to the small, soluble ASRT molecule, HtrII contains two transmembrane helices, which interact with the rhodopsin in a heterotetrameric intramembrane signaling complex. The ASR-ASRT system with its soluble transducer is therefore more reminiscent of the signaling complex of vertebrate rhodopsin with its heterotrimeric G αβγ transducer complex, which interacts with the rhodopsin mainly via its cytoplasmic face.
Furthermore, ASRT lacks the signaling and methylation domains that are characteristic of the taxis signaling proteins that mediate attractant and repellent phototaxis, which are controlled by archaeal sensory rhodopsins SRI and SRII, respectively. 10 Consequently, the ASR-ASRT system and the previously characterized haloarchaeal sensory system show significant differences in the nature of their respective light receptor-transducer interactions and in their signal transduction mechanisms inside the cell and the cellular functions they ultimately target.
ASR photochromic reactions 9, 11 suggest it functions as a relatively stable molecular switch which is controlled by orange and blue light. One possible signaling purpose is the regulation of gene expression in response to light intensity and/or quality. This control could occur via direct transcriptional regulation by ASRT (making ASRT a transcription factor) or via transcription factors further downstream in an uncharacterized signaling cascade. Possible target systems for such regulation include proteins involved in circadian rhythm control, photomorphogenesis or chromatic adaptation, 12 which optimizes photosynthesis in cyanobacteria by variation of phycobiliprotein composition. 13, 14 A BLAST search reveals sequence homologs with 31% to 73% sequence identity with ASRT, each consisting of about 120 amino acid residues. These ASRT homologs are found in diverse bacteria (Nitrosococcus, Polyangium, Rubrobacter, Nitrobacter, Anaeromyxobacter, Sinorhizobium, Azoarcus, Bacillus, Caldicellulosiruptor, Thermotoga), and none have a known function.
Results
Expression, purification, crystallization, data collection, and initial phasing were described along with the pertinent statistics in a previous publication. 15 Crystals and structures of ASRT were obtained in three spacegroups, P4 (PDB code 2IIA), C2 (2II9) and P2 1 2 1 2 1 (2II7, 2II8). The P2 1 2 1 2 1 crystal form can be cryo-cooled in a range of unit cell sizes (>20% volume variation) depending on cryoconditions and protocol. Of these, the largest P2 1 2 1 2 1 unit cell (from hereon referred to as large P2 1 2 1 2 1 ) provided the largest amount of interpretable electron density (92% for the most complete monomer), while in the smaller unit cell sizes (referred to here as small P2 1 2 1 2 1 ) 17% to 27% of the molecule were disordered, similar to spacegroups C2 (26% disordered) and P4 (29% disordered). Most of the additional interpretable electron density in the large P2 1 2 1 2 1 form stems from a partially ordered C-terminal helix that is disordered completely in the Table 1 .
In all three spacegroups (P4, C2 and P2 1 2 1 2 1 ) ASRT forms the same tightly packed tetramer with C4 symmetry (Figure 1 ). In the P4 spacegroup, this tetramer is formed by crystallographic symmetry, while in the other two spacegroups the tetramer symmetry is non-crystallographic. The same tetramer was observed in the only structural homolog of ASRT in the Protein Data Bank, protein TM1070 (PDB code 1NC7; no corresponding publication). This 114 residue protein TM1070 from the hyperthermophilic bacterium Thermotoga maritima possesses 35% sequence identity with ASRT ( Figure 2) .
Dynamic light-scattering (DLS) and analytic gelfiltration chromatography confirm the tetrameric state of ASRT in solution. Neither method gave an indication of a subpopulation of monomeric ASRT. Those experiments were performed at pH 8.0 compared to pH values of between 4 and 5 for the crystallization, indicating the tetramer is stable over a wide range of pH values and does not depend on charge-charge interactions for stabilization. Gel-filtration chromatography suggests a size of the ASRT tetramer slightly below that of the 67 kDa bovine albumin (control), slightly larger than expected for a tetramer 14.7 kDa molecules ( Figure 3 ). This is probably due to the central hole in the tetramer, which increases the occupied volume beyond the value anticipated from the molecular mass alone.
The ASRT tetramers are tightly packed with 833 Å 2 or 19% of the monomer surface involved in the tetramer interface in the ordered part of the C2 tetramer and an average of 1220 Å 2 or 23% of the monomer surface of the large P2 1 2 1 2 1 crystals.
Residues 3-18 and 31-104 show clear density in all four crystal forms (P4, C2, P2 1 2 1 2 1small and P2 1 2 1 2 1large ). These residues form two β-sheets in a folding topology that has not been reported previously. It consists of seven β-strands arranged in a β-sandwich. This β-sandwich section of the ASRT structure has the same fold as the corresponding section of the unpublished TM1070 structure. In contrast, the C-terminal helix of ASRT is replaced by a continuation of β-turn 7 and an eighth β-turn directly after β-turn 7 in TM1070.
In the P4, C2 and small P2 1 2 1 2 1 crystal forms of ASRT, there is no electron density for the loop composed of residues 19-30 or for the 20 C-terminal residues, with the exception that the 12-residue loop between Pro18 and Glu31 is ordered in two of the eight monomers in the small P2 1 2 1 2 1 crystal form. These loops do, however, have different conformations from each other and from those in TM1070, and they are involved in crystal contacts. The large P2 1 2 1 2 1 form shows these same two loops as well as density for a C-terminal helix up to residue 120 in four of the eight monomers in the asymmetric unit, three of them in the same tetramer. There is fragmented electron density suggesting the position of the fourth C-terminal helix in this tetramer but it is not sufficient for model building. The second tetramer in the large P2 1 2 1 2 1 asymmetric unit displays only one C-terminal helix with clearly defined density. In the ASRT homolog TM1070, the equivalent C-terminal residues fold into a β-conformation that extends away from the tetramer parallel to its 4-fold axis and then makes a 180°turn to loop back close to the 4-fold axis along the center of the tetramer (Figures 1 and 7 ). In the resulting narrow channel that traverses the center of the TM1070 tetramer, β-strands coordinate a string of four magnesium and two chloride ions situated on the 4-fold tetramer axis. In stark contrast, in the large P2 1 2 1 2 1 form of ASRT, the only ASRT crystal form with electron density for the C-terminal residues, the C-terminal residues form α-helices pointing away from the tetramer, leaving a wide opening in the middle of the β-folded part of the tetramer. The C-terminal α-helices with electron density do not conform to the 4-fold symmetry. Each helix is pointing away from the tetramer at a different angle. One helix does not fold into the classical α-helical conformation: after the α- 
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helical n→n-4 hydrogen bonding pattern for the first two residues (107 and 108) it tapers out into an increasingly elongated form with n→n-3 hydrogen bonding at residue 111 and, finally, an elongated helical coil with no electron density after residue 116. The other two helices follow the classical α-helical 
fold until they become disordered at residues 118 and 119, respectively. Even though the B-factors for these helices are very high (sometimes exceeding 100 Å 2 ) and substantially higher than those of the rest of the structure, helical density was clearly visible even before the atomic model was built. There is no density along the tetramer axis to indicate bound ions, even though the P4 and P2 1 2 1 2 1 crystals were grown in up to 300 mM MgCl 2 specifically to confirm this difference to the TM1070 structure.
The four disordered C-terminal helices of the tetramer as well as the mostly disordered loops between residue 18 and 30 are located on the same face of the tetramer, making it a region of low structural order. We refer to this face as the α-face here because of its primarily α-helical secondary structure. The opposing face, which is completely ordered and identical in all the structures we obtained, we refer to as the β-face, since it displays exclusively β-strand secondary structure.
Interaction of ASR and ASRT by isothermal titration calorimetry
Given the tetrameric state of ASRT in the crystals as well as in solution, the question arose of whether one ASRT tetramer interacts with one, two, four or any other number of ASR photoreceptor molecules. Consequently, isothermal titration calorimetry (ITC) measurements were performed to determine the molecular ratio with which ASR and ASRT interact.
In order to determine the concentration of ASR used in the ITC measurements, the molar extinction coefficient of ASR needed to be determined ( Figure 4) . The rough concentration of ASR opsin in the purified protein sample was estimated on the basis of the absorption of aromatic amino acids yielding a value of ∼14 μM. A sub-saturating concentration of retinal (∼3.5 μM) was used for ASR reconstitution to ensure specificity and completeness of binding. Successive scans of absorption revealed the appearance of a reconstitution intermediate (Figure 4(a) ). This intermediate form appears in the first scan (during 1 min) and converts to ASR with a time constant of ∼5.5 min. It has a structured absorption spectrum with a main peak at 435 nm and shoulders at 405 nm and 460 nm, evident also as negative bands in the difference spectrum of its conversion to ASR (Figure 4(b) curve 3) . The maximum absorption of reconstituted ASR is at 549 nm, matching the calculated absorption of the pure alltrans form of ASR.
11 No residual intermediate or residual retinal was detected after completion of the reconstitution. The extinction coefficient at the absorption maximum of the all-trans form of ASR calculated from these spectra and the extinction of free retinal (44,000 mol −1 cm −1 at 384 nm in ethanol) is 61,000 mol −1 cm −1 . The same value was obtained from the difference spectra of reconstitution ( Figure  4 (b) curve 2), provided the correction for ASR absorption at 384 nm was made. Figure 3 . Gel-filtration chromatography demonstrates that ASRT is a tetramer in solution (blue, peak at 43 ml) eluting slightly slower than the 67 kDa bovine serum albumin reference (green, 42 ml) but clearly faster than the 13.7 kDa ribonuclease. A reference (purple, 57 ml), which corresponds in size to an ASRT monomer. The exclusion volume, at which a 120 kDa ASRT octamer or higher oligomers would be expected to elute, is 36 ml (red, determined with dextran 2000). 
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The concentration of ASR in the samples used for the ITC measurements was determined before their dark-adaptation in the ITC sample chamber. At ambient light conditions, the absorption maximum of ASR is shifted to 543 nm and the extinction decreased to 53,000 mol −1 cm −1 due to the formation of the 13-cis isomer of ASR during light adaptation. 11 This light-adapted extinction value was used for determination of the pigment concentration for the ITC measurements.
ITC measurements gave stoichiometric values for monomer ASRT binding to ASR near 4 (4.27 ± 0.35, n = 7); a representative ITC run is shown in Figure 5 . Taking into account the relative sizes of the ASRT monomer and the portion of ASR exposed to the cytoplasm, four equal binding sites for ASRT on ASR seem highly unlikely. Therefore, we favor the alternative explanation that the binding occurs between ASR and one tetramer of ASRT, present in solution in approximately fourfold lower concentration than calculated for the monomer, which correlates with the structural and gel-filtration data above. The mean value of the dissociation constant calculated for tetrameric ASRT binding to ASR is ∼17(±4) μM (n = 7) with a single binding site on the ASR molecule. In some measurements the value was as low as 8 μM.
Binding depends greatly on unidentified parameters of the sample. Data collection in the dark sample chamber requires more than 2 h, and therefore the sample becomes dark-adapted to a great extent. This fact, and variability of the quantitative results, did not allow us to follow the effect of light/ dark adaptation of the sample on binding of ASRT to ASR.
Discussion
In all three crystal forms described here, as well as in that of the homolog TM1070, the protein crystallizes as the same C4 homotetramer, which is a crystallographic tetramer only for the P4 form (Figure 1 ). We confirmed this strong indication that the tetrameric state is the natural solution state of ASRT by DLS (data not shown), gel-filtration chromatography and ITC as described above. Considering only the conserved β-sandwich part of the structure, which corresponds to the ordered portion of the P4 crystal structure, the tetramer interface comprises 750 Å 2 of the 4314 Å 2 surface area of each monomer.
For the homolog TM1070, 30% of the monomer surface area is involved in the tetramer interface. The intermolecular interfaces of the ASRT tetramer are clearly more hydrophobic than the rest of the surface (Figure 6 ), and the tetrameric contacts are conserved more strongly (Figure 7) .
The structure of the protein outside the β-sandwich seems to be highly variable, as evidenced by the large differences in unit cell size of the P2 1 2 1 2 1 unit cells at room temperature (1.23 × 10 6 Å 3 ) and cryocooled with glycerol (1.17 × 10 6 Å 3 ) and PEG 4000 (1.05 × 10 6 Å 3 ) cryoprotectants. Furthermore, heavy metal-soaked P4 crystals showed anisomorphism of about 7% along the c-axis (37-40 Å), which runs parallel with the 4-fold axis of the tetramer. In light of this, it appears questionable that the arrangement of the three irregular helices at the α-face of the large P2 1 2 1 2 1 tetramer represents the only native state, but rather one possible arrangement of this apparently very flexible region. The varying unit cell sizes observed with the P4 and P2 1 2 1 2 1 crystals indicate different arrangements of those helices or possibly even different secondary structures of the C-terminal residues. Considering the progression from small to large P2 1 2 1 2 1 , where the larger unit cell contained more interpretable density, it seems possible that the even larger unit cell observed at room temperature contains additional density for the C-terminal residues. Unfortunately, the ASRT crystals diffract to 3.5 Å at best at room temperature and degrade very quickly during data collection, not allowing collection of a complete dataset. This seems to confirm the existence of highly flexible regions in the protein fold, at least under the crystallization conditions. All three crystal forms were obtained between pH 4.2 and pH 5.0. The missing electron density cannot be explained by proteolysis, since crystals of each of the three spacegroups were 
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dissolved separately in water for mass spectrometry, which showed the protein to be full-length in each of them (Figure 8) .
Considering that the sequence homology of ASRT with the homolog TM1070 persists into the C-terminal region, it seems conceivable that ASRT could adopt a C-terminal β-strand conformation as in the TM1070 structure. It was taken into consideration that the His 6 tag at either of the protein termini (C-terminal in the C2 and P2 1 2 1 2 1 , and N-terminal in the P4 crystals) may have prevented complete folding of the monomers or proper arrangement of the α-face of the tetramer. However, the homolog TM1070 was crystallized with an N-terminal His 6 tag as well and has a completely ordered structure. Additionally, both termini in TM1070 are on the side of the tetramer that corresponds to the β-face of ASRT, opposite to where the C-terminal helices are located in the ASRT tetramer. Furthermore, the C-terminally tagged P2 1 2 1 2 1 and C2 spacegroup ASRT crystals lack interpretable electron density for the same parts of the protein that are disordered in the N-terminally-tagged P4 ASRT crystals. It seems unlikely that C and N-terminal His 6 tags would have exactly the same effect on protein folding without disturbing the rest of the tetramer. Applying the TM1070 folding pattern to the ASRT sequence, Figure 7 . Large P2 1 2 1 2 1 tetramer with one monomer colored according to residue conservation among the top eight BLAST sequence homologs. The coloring represents alignment scores of completely (red), strongly (orange) and significantly (yellow) conserved residues according to the program CLUSTAL W (v.1.82). 29 Conservation is relatively high at the tetramer interfaces and relatively low in the C-terminal helix. The sequence of the flexible loop is also relatively weakly conserved, especially compared to TM1070, which has two fewer residues in this loop than the top five BLAST hits for ASRT and is missing the proline at the end of the flexible loop. . The molecular mass of ASRT in dissolved P4, C2 and P2 1 2 1 2 1 crystals was determined by mass spectrometry, confirming intact ASRT in these crystals. The large fragment between residues 31 and 104 is fully represented in the electron density of all ASRT molecules in all three crystal forms. Therefore, one would expect ASRT to show a mass spectrometry peak between 8.3 kDa (residues 31-104) and 14.7 kDa (intact molecule with His 6 tag) if the missing electron density for residues 18-31 and 104-125 were due to proteolysis. Since mass spectrometry shows only the intact ASRT, the absence of interpretable electron density for the loop and the C terminus must be due to disorder, not degradation.
the C-terminal His 6 tag would be located over 18 Å away from the N terminus of the same monomer and 15 Å away from the N terminus of the neighboring monomer (Figure 9 ), making identical structural effects of C and N-terminal His 6 tags even more unlikely.
Secondary structure predictions with the programs SSpro and SSpro8 16 suggest an α-helical C-terminal segment for ASRT, although it should be noted that SSpro predicts a C-terminal α-helix for TM1070 as well. The different secondary structures cannot be explained by the absence in ASRT of the four magnesium and two chloride ions observed in the TM1070 crystal structure, since the P4 and P2 1 2 1 2 1 crystals were grown in the presence of up to 300 mM MgCl 2 without any effect on the protein fold.
This evidence does not completely rule out the possibility that the N and C-terminal His 6 tags are the cause of the partially unstable fold observed in all three ASRT crystal forms; but, considered together with the fact that the completely ordered homolog TM1070 was expressed with an N-terminal His 6 tag as well, it seems very unlikely. The fact that His 6 -tagged ASRT still binds ASR indicates that the His 6 tag does not have a major impact on the structure of ASRT. Since ASRT is thought to act as a transducer for the transmembrane photoreceptor ASR it is plausible that the flexible helical conformation is indeed the native state of the α-face and is stabilized in the cyanobacterium by interaction with the membrane or the photoreceptor. The Anabaena sensory rhodopsin crystal structure does indeed show a hydrophobic patch on its cytoplasmic surface. However, this hydrophobic patch could be an artifact of the C-terminally truncated version of ASR used to obtain that crystal structure (residues 230-261 missing). 9 The tetrameric state of ASRT could be considered a problematic aspect for the ASR-ASRT signaling system, since it is counterintuitive that a complex with 4-fold symmetry would bind to a surface devoid of rotational symmetry. However, in the ASR-ASRT system this predicament would be resolved by the high level of flexibility of the α-face of the ASRT tetramer. While the β-folded part of the ASRT tetramer provides stable interactions for tetramer formation, the α-face can adopt conformations free of rotational symmetry, such as that observed in the P2 1 2 1 2 1large tetramer, which does not preserve the 4-fold symmetry of its β-scaffold on the α-face of the tetramer.
The often disordered loop between residues 18 and 31 forms the α-face of the tetramer together with the C-terminal helices. Like the C-terminal helices, this loop displays great conformational flexibility in the absence of a binding partner, as evidenced by the three completely different conformations observed in the P2 1 2 1 2 1 ASRT and TM1070 crystals.
In conclusion, our four structures and our observations of unit cell size fluctuations indicate that the ASRT tetramer consist of a relatively rigid, C4 symmetrical, β-folded scaffold supporting a flexible, asymmetric α-face of four helices and loops that could interact with the rhodopsin photoreceptor in an adaptable fashion.
Interestingly, there is some superficial structural similarity between the ASRT tetramer and the G β protein (Figure 10 ) of eukaryotic heterotrimeric Gproteins, [17] [18] [19] which functions as the transducer for G protein-coupled receptors (GPCRs), such as rhodopsin type II. GPCRs are of paramount pharmaceutical importance due to their central role in vertebrate signal transduction. G β is a member of the WD-repeat protein family, which performs regulatory functions. WD-repeat proteins contain four to eight WD repeats, so called because of their characteristic sequence repeats ending in Trp-Asp. Structurally, these repeats represent small β-sheets (called propeller blades) composed of four antiparallel β-strands that are arranged in a ring around the monomer center. G β consists of seven such blades and an N-terminal helix, which binds G γ , the smallest member of the heterotrimeric G-protein assembly, consisting of only two helices. G α is the member of the heterotrimeric complex, comprised of one α, β and γ subunit each, that interacts directly with the GPCR. Both G α and G γ are membraneanchored via lipid attachments, while G β is, in Figure 9 . Modeling the ASRT C-terminal sequence onto the TM1070 structure (PDB code 1NC7) places the C termini at the end of the central opening of the tetramer on the β-face. Shown here are the C-terminal residues of that alignment, which are disordered in most of the ASRT structures (yellow→red indicates C termini) along with the C2 ASRT tetramer (black). The N-terminal serine residue (green) in the ASRT structure is located on the β-face of the tetramer as well but points away from the 4-fold axis. The distances between the N and C termini are 18 Å within a monomer and 15 Å between adjacent monomers. The spheres along the central tetramer axis represent the magnesium (blue) and chloride (red) ions, which are observed in the TM1070 structure but not in the ASRT structures, despite being present in the crystallization buffer.
essence, a soluble protein like ASRT, and is localized to the membrane because of its close association with G γ . Upon exchange of the G α -bound GDP with GTP, triggered by interaction of G α with the lightactivated rhodopsin, the heterotrimeric complex dissociates into G α and G βγ . This dissociated state is the active signaling state in which G α activates cGMP phosphodiesterase to trigger intracellular signaling cascades until G α and G βγ re-associate after GTP hydrolysis by G α . 20 ASRT could be considered equivalent to either G β or G βγ , but there is no G α -like protein encoded in the ASR-ASRT operon, even though such a GTPase could be transcribed and expressed separately.
The ASRT tetramer consists of eight small β-sheets of three to four antiparallel β-strands arranged in a circle around the tetramer center. In contrast to the G β monomer, the β-sheets are supplied in pairs by the four ASRT monomers that form the ASRT tetramer. Additionally, there are loosely structured helices at each of the C termini of the four ASRT monomers.
The folding pattern of ASRT is completely different from that of G β , and the β-sheets are oriented at a relatively low angle towards the plane defined by the symmetry axis compared to the β-sheets in G β , which have a more upright pose ( Figure 10 ). However, similar observations could be made about the rhodopsin receptors of type 1 and 2 associated with these transducers, which are similar in overall structure, yet have no recognizable sequence similarity. 21 The two rhodopsin receptors in vertebrates and Anabaena appear to be evolutionarily convergent structures and, to a lesser degree, maybe also their respective transducers.
Implications of the ASRT structure for ASR-ASRT signaling Two possible mechanisms for ASR signaling have been suggested. 11 First, the long-lived M intermediate of ASR may function as a signaling state. Such a mechanism would be similar to those of known type 1 and type 2 sensory rhodopsins, in which chemically similar short-wavelength-absorbing photoproducts (M and Meta-II in haloarchaeal sensory rhodopsins and the mammalian rod visual pigment, respectively) serve as the signaling forms. A second possible mechanism is based on the fact that ASR exists in two distinct forms (with all-trans and 13-cis retinal), whose ratio depends on light intensity and/or quality. Therefore, one of those 
forms may be active in signaling, provided the two isomeric forms have different conformations. In either case, ASRT is the only other molecule that is co-transcribed with ASR from their common operon, and thus it seems likely that the signals generated by ASR are transmitted via this transducer. Our four crystal forms of ASRT and the homologous structure of TM1070 from the PDB suggest the possibility of different folding states of ASRT. All have the same β-sandwich fold for the first 100 residues, ensuring tetramer formation and providing a stable scaffold; however, not all structures show ordered conformations of the Cterminal 20 residues and the 12-residue loop that form the α-face of the tetramer. We interpret differing degrees of missing electron density on the α-face of the ASRT tetramer in all crystal forms and the wide range of crystal unit cell sizes we observed as indications that the α-face is relatively flexible and allows different conformation for the C-terminal helices. The apparently flexible 12-residue loop between residues 18 and 31 could adapt to either of these conformations, as evidenced by the different conformations observed. Structural changes on the cytoplasmic surface of ASR could, in turn, induce adoption of different signaling conformations by ASRT. These signaling conformations could either influence ASR interactions with downstream signaling components directly or expose phosphorylation or methylation sites. Considering the variation of unit cell sizes in the P2 1 2 1 2 1 form, it seems that there could be several α-helical states of the α-face and even a β-folded state similar to that observed in TM1070 might be possible. The signaling conformations of the ASRT tetramer could be metastable and revert back to the initial ASRbinding, non-signaling state with time, or through interaction with downstream signaling components, depending on the conformation of its α-face. Also, it cannot be ruled out that ASRT molecules in vivo may exist in a monomer-tetramer equilibrium and ASR photoreceptor states may influence this equilibrium, providing another possible signaling mechanism.
Further studies are needed to better define the ASR-ASRT interactions and their signaling consequences, and the availability of atomic-resolution detail for each should prove a valuable resource for attaining this goal.
Materials and Methods
Purification, crystallization and phasing of ASRT were as described. 15 
Modeling/refinement
From the SIRAS phasing and molecular replacement solutions obtained as described, 15 the programs Arp/ Warp, 22 O 23 and Coot 24 were used to build the models. The programs REFMAC, 25 CNS, 26 LAFIRE 27 and PHENIX 28 were used to refine the models until R-factors could not be decreased further.
Gel-filtration chromatography
For determination of the oligomeric state of ASRT in solution, ASRT in a buffer of 50 mM Tris-HCl (pH 8.0) and 300 mM NaCl was run over a Superdex 75 gel-filtration column using an Acta FPLC system (Pharmacia Biotech). Ribonuclease A (13.7 kDa), albumin (67 kDa) and blue dextran 2000 from an LMW Gel Filtration Calibration Kit (Amersham Biosciences) were used for size calibration.
Mass spectrometry
For mass spectrometry, several crystals of the P4, C2 and P2 1 2 1 2 1 forms were fished from crystallization setups, washed in crystallization buffer and dissolved in 5 μl of water. Then 1 μl of saturated sinapic acid solution in a 1:1 (v/v) mixture of water and acetonitrile was mixed with 1 μl of each of the dissolved crystal solutions on a mass spectrometry plate and left to dry. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry was performed with the dried samples on a Voyager-DE STR BioSpectrometry Workstation (PerSeptive Biosystems).
Isothermal titration calorimetric titration
Isothermal titrations were performed on a VP-ITC microcalorimeter (MicroCal, MA, USA) at 32°C. The concentrations of ASR in the cell and ASRT in the syringe were 13.1 μM and 760 μM, respectively. Purified proteins were concentrated and dialyzed at 4°C against 20 mM Tris-HCl (pH 7.8), 150 mM NaCl. Both proteins were supplemented with dodecylmaltoside at final concentration 0.05% (w/v). The concentration of ASR was calculated using an extinction coefficient of 53,000 mol −1 cm −1 at 543 nm and ASRT concentration was determined using an extinction coefficient of 13,610 mol −1 cm −1 at 280 nm. ASRT (280 μl) was titrated in 10 μl steps with a time interval of 5 min into a 1.43 ml solution of ASR. For control titrations, detergent containing buffer was used in place of ASR. Data were evaluated by Origin-ITC software.
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